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CHAPTER 1.  GENERAL INTRODUCTION 
 
Sudden Death Syndrome 
Sudden Death Syndrome (SDS) is one of the leading soybean diseases in the United 
States. The disease is caused by a soil-borne fungi Fusarium virguliforme in North America 
and by four Fusarium species, F. virguliforme, F. tucumaniae F. brasiliense and F. 
crassitipitatum, in South America1. F. virguliforme  infects the roots of soybean plants and 
releases toxins which causes the interveinal chlorosis and necrosis on leaves, premature 
defoliation, and flower and pod abortion that SDS is most commonly known for2. Yield 
losses associated with SDS can be economically devastating depending on disease intensity 
and timing of disease onset. The yield loss and economic impact of an SDS outbreak can 
vary depending on the disease intensity and timing of disease onset. If the plants are infected 
during earlier stages of development, SDS can cause yield losses due to flower and pod 
abortion decreasing the overall seed number; where as if the SDS infection occurs during 
later stages of development (pod-filling stage), yield losses are often due to smaller seed 
size3. SDS was first discovered in Arkansas in 19714 and has since spread to most part of the 
soybean growing region throughout the Midwest and eastern United States including Iowa5, 
Tennessee, Missouri, Mississippi, Illinois, Kentucky, Indiana6, and Wisconsin7 as well as 
Ontario, Canada8. Growing of SDS resistant cultivars is the best method of controlling this 
disease. Unfortunately, SDS resistance is partial and controlled by a large number of genes.  
As of 2014, more than 40 quantitative trait loci are reported to confer SDS resistance in 
soybean9. Breeding so many QTL into single cultivars is challenging; and therefore, 
development of novel resistance mechanisms governed by single genes is becoming urgent. 
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One of the promising approaches for managing SDS in soybean could be host-induced gene 
silencing (HIGS) or trans-specific gene silencing (TSGS) developed based on RNA 
interference (RNAi)10.   
Post transcriptional gene silencing was first observed in plants11 and was later 
determined to be induced by the RNAi pathway, more fully described in Caenorhabditis 
elegans in 199812. It was shown that antisense RNA is used by the cell to base pair with its 
counterpart mRNA inhibiting translation and silencing the gene12. RNAi has been discovered 
now to be an important gene regulatory mechanism. Studies have shown the wide application 
of this technology from being used as a mechanism for controlling populations of Western 
corn rootworm13 to Drosophila and mice embryo’s14.  double stranded RNAs (dsRNAs), 
exogenously applied or generated endogenously, are fragmented into small interfering RNA 
(siRNA) 21-25 nucleotides long by the dicer protein. Argonaute (AGO) protein then uses the 
antisense strand of the siRNA as a guide to base pair and cleave specific mRNAs15, 16.   
HIGS or TSGS of housekeeping genes in pests and pathogens of crop plants is an 
attractive approach because it is broad-spectrum. In this method, no transgenic proteins are 
produced; therefore, the feed and food safety portion of regulatory approval will be greatly 
simplified. Application of trans-specific silencing has been documented in fungi, nematodes, 
insects and a parasitic plant17-20. We therefore proposed to apply a trans-specific silencing 
approach to silence vital F. virguliforme genes for enhancing SDS resistance in soybean. F. 
virguliforme is a slow growing pathogen and it requires several days to produce SDS 
symptoms. Thus, HIGS of vital F. virguliforme housekeeping genes from transgenic soybean 
lines carrying those housekeeping F. virguliforme transgenes is expected to result in retarded 
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growth of the pathogen and thereby provide transgenic soybean plants ample time to use their 
defense responses to suppress further growth of the pathogen.  
 
Objective 
Develop a microfluidic-enabled microscopic time-lapse photography to identify 
candidate vital F. virguliforme genes for HIGS. Create transgenic soybean plants expressing 
dsRNA targeting candidate F. virguliforme genes through HIGS to test for enhance 
resistance to SDS.  
 
Thesis Organization 
This thesis is organized into three chapters. Chapter 1 is a general introduction to 
SDS disease and the benefits of HIGS. Chapter 2 is written as a manuscript for publication in 
a scientific journal discussing data related to development of a microfluidic-enabled time-
lapse microscopic photography for identifying candidate F. virguliforme genes for HIGS 
assays. My contributions included maintaining and preparing the spores and media for the 
experiment, analyzing data, and writing the chapter for publication.  Chapter 3 discusses data 
relating to transgenic plants expressing dsRNA of a list of F. virguliforme genes for HIGS 
assay. My contributions included creating the vectors for soybean transformation, growing 
the plants and collecting seeds, conducting root inoculation, phenotyping of diseased soybean 
plants, and analyses and interpretation of results. 
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CHAPTER 2.  MICROFLUIDIC DEVICE ENABLED QUANTITATIVE TIME-
LAPSE MICROSCOPIC-PHOTOGRAPHY OF GERMINATION AND 
SPORULATION IN FUSARIUM VIRGULIFORME THAT CAUSES SUDDEN 
DEATH SYNDROME IN SOYBEAN 
 
A manuscript to be submitted 
 
Jill Marshall1, Xuan Qiao1, Jordan Baumbach, Jingyu Xie, Liang Dong2†,  
Madan K. Bhattacharyya3† 
 
 
Abstract 
 
Fusarium virguliforme causes sudden death syndrome (SDS) in soybeans in North 
America. Nothing is known about germination and sporulation in this pathogen. We have 
created a microfluidic devise, which was placed on a motorized stage of a stereoscopic 
microscope for conducting time-lapse photography of multiple observations in 20 channels 
simultaneously and utilized in quantitative determination of growth, germination and 
sporulation in this pathogen. The microfluidic device was generated from 
polydimethylsiloxane (PDMS), a transparent, biocompatible, and cost-effective silicone. The 
devise was designed to contain 20 shallow channels of equal size for conducting replicated 
experiments. A polyamine oxidase mutant fvpo1 and its complemented mutant containing a 
functional FvPO1 gene were developed for quantitative estimation of mycelial growth. The  
1Co-first authors  
†Co-corresponding authors 
22115 Coover Hall, Iowa State University, Ames, IA 50011-1010, USA 
3G303 Agronomy Hall, Iowa State University, Ames, IA 50011-1010, USA 
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mutant fails to grow in Fusarium virguliforme causes sudden death syndrome (SDS) in 
soybeans in North America. Nothing is known about germination and sporulation in this 
pathogen. We have created a microfluidic devise, which was placed on a motorized stage of a 
stereoscopic microscope for conducting time-lapse photography of multiple observations in 
20 channels simultaneously and utilized in quantitative determination of growth, germination 
and sporulation in this pathogen. The microfluidic device was generated from 
polydimethylsiloxane (PDMS), a transparent, biocompatible, and cost-effective silicone. The 
devise was designed to contain 20 shallow channels of equal size for conducting replicated 
experiments. A polyamine oxidase mutant fvpo1 and its complemented mutant containing a 
functional FvPO1 gene were developed for quantitative estimation of mycelial growth. The 
mutant fails to grow in minimal medium containing polyamines as the sole nitrogen source. 
The system quantitatively measures the differential mycelial growth between the fvpo1 
mutant and its complemented strain. We demonstrated using this system that the conidial 
spores of the pathogen take an average of five hours to germinate. The first conidial spores 
are being matured on average 64 to 69 h following suspension of spores in liquid media. It 
takes an average of 10.5 h for a conidial spore to mature and get detached from its 
conidiophore. We observed that multiple conidia are developed in a single conidiophore one 
after another. The microfluidic device enabled quantitative time-lapse microscopic-
photography reported here should be suitable for screening compounds, peptides, micro-
organisms to identify fungitoxic or antimicrobial agents for controlling serious plant 
pathogens. The devise could also be applied in identifying suitable target genes for host-
induced gene silencing in pathogens for generating novel disease resistance in crop plants.    
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Introduction 
Sudden death syndrome (SDS) was first discovered in the United States in 1971 in Arkansas1. 
Since its initial characterization SDS has been detected throughout much of the soybean 
growing regions of the United States including: Mississippi, Missouri, Kentucky, and 
Tennessee in 19842; Indiana and Illinois in 19863; Iowa in 19934; Delaware and Maryland in 
20005; Minnesota in 20026; Wisconsin in 20067; Michigan in 20108; and South Dakota in 
20129. SDS has also been reported in other soybean producing countries such as Argentina10, 
Brazil11, Paraguay12, Bolivia13, Uruguay12, and South Africa14.  
In North America, Fusarium virguliforme is currently reported to cause SDS. In South 
America, SDS is caused by four fusarium species: F. virguliforme, F. tucumaniae, F. 
brasiliense and F. crassitipitatum15. F. tucumaniae is the major pathogen responsible for SDS 
in South America16. F. virguliforme propagates asexually; whereas, F. tucumaniae reproduces 
sexually. The asexually propagated fungus, F. virguliforme possesses only one mating 
idiomorph, MAT1-1; whereas F. tucumaniae carries both MAT1-1 and MAT1-2 idiomorphs, 
essential for sexual reproduction17. 
SDS is comprised of two components: (i) foliar SDS and (ii) root necrosis. The symptoms of 
foliar SDS are characterized by interveinal chlorosis and necrosis; and in severe cases, 
defoliation and pod abortion1.  The fungus has never been detected from the diseased foliar 
tissues; it stays in the infected roots and deploys toxins through the vascular system to cause 
foliar SDS symptoms1. Multiple toxins secreted by the fungus may contribute to foliar 
disease18-21.  FvTox1, a proteinaceous toxin has been reported to be the major toxin involved 
in foliar SDS18, 22, 23.  
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SDS is a serious soybean disease and it causes annual yield suppression valued 
around 100 million dollars just in the United States24. Growing of SDS resistant cultivars is 
the best method of controlling this disease. Unfortunately, SDS resistance is partial and 
controlled by a large number of genes.  By 2014, more than 40 quantitative trait loci have 
been reported to contain genes which confer SDS resistance in soybean25. Therefore, it would 
be beneficial to look for alternative single-gene encoded SDS resistance mechanisms for 
fighting this disease. One such disease resistance mechanism could be engineered by host 
induced gene silencing (HIGS)-mediated disease resistance. In this approach, dsRNAs-
specific to pathogen genes are expressed in host plants so that they can induce RNAi of vital 
genes in the pathogen for restricting their growth at the infection sites26. HIGS has been 
shown to be affective in lettuce against the oomycete pathogen, Bremia lactucae27, in wheat 
against Puccinia graminis28, in bananas against Fusarium oxysporum29, and in barley against 
Fusarium graminearum30. Identification of vital target pathogen genes determines the 
success of this RNAi-based HIGS technology. Development of a microscope-based in vitro 
RNAi assay is expected to facilitate identification of target F. virguliforme genes for 
conducting HIGS in stable transformed soybean plants. Such an approach could facilitate 
identification of chemical compounds or biological materials such as peptides or pathogenic 
organisms for suppressing F. virguliforme’s growth to significantly reduce SDS incidence. 
Time-lapse microscopic-photography allows taking images over a period of time for 
in-depth phenotyping. For example, this technology has been proven useful in studying 
bacterium-host interaction more accurately than through electron microscopy31.  
Microfluidic technology allows conducting experiments in controlled environments 
with limited sample volumes ideal for studying micro-organisms’ responses to peptides, 
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chemical compounds or in vitro transcribed double-stranded RNA (dsRNA) mediated RNAi 
for identifying target pathogen genes for HIGS. Microfluidic chips often contain small 
channels made of biocompatible silicone (polydimethylsiloxane or PDMS), an optically clear 
material allowing for easy visualization of biological samples in the channels. Based on the 
design of the channels, desired micro-environmental conditions can be generated on the chip. 
Microfluidic chips have been used in cell analysis32, drug screening33-35, plant phenotyping36, 
37, and microbial engineering38. Recently, microfluidic technology has also been used to study 
the fungal growth dynamic in Pycnoporus cinnabarinus and Neuospora crassa39, 40. Here we 
have developed such a system and showed its application in quantitative study of the growth, 
germination, and sporulation processes in F. virguliforme.  
 
Results 
In this investigation we developed a quantitative time-lapse microscopic-photography 
system by using a microfluidic device made of silicone polydimethylsiloxane (PDMS) 
containing 20 channels, each with a 0.04 × 3 × 13 mm3 dimension (Figure 1A and 1B). The 
device was manufactured using cost-effective microfabrication techniques described in 
Materials and Methods. The microfluidic device was placed on a programmable motorized 
IsoPro XY stage (Leica, Wetzlar, Germany) interfaced with a stereoscopic MZ205 Leica 
microscope (Leica, Wetzlar, Germany). A digital DFC310 FX, Leica camera (Leica, Wetzlar, 
Germany) was attached to the microscope (Figure 1C). The motorized IsoPro XY stage was 
programmed to capture images of selected microscopic fields at a regular time-interval for 
collecting observations. Thus, the same microscope could be used to take time-lapse photos of 
many microscopic observations for quantitative determination of vegetative and reproductive 
11 
 
   
phages of microorganisms; especially fungi or oomycetes. Here we demonstrate the utility of 
this microscopic system in studying developmental stages such as spore germination, growth, 
and sporulation in the fungal pathogen, F. virguliforme.  
 
Investigation of the germination process in F. virguliforme 
To investigate the time of germination of conidial spores, spore suspensions in PA 
media, water, and 1/3 PDB were prepared just before loading into individual channels. Photos 
were taken in each selected microscopic field every 15 min for up to 24 h (Supplementary 
Figure 1; Figure 2).  We observed that the spores began to germinate three and a half hours 
following exposure to culture media and continued to germinate up to nine hours and 30 
minutes (Supplementary Table 1). The average germination time for spores grown in PA media 
with spermine germinated 5.29 h after being exposed to the media. In the PA media containing 
spermidine the spores germinated an average of 5.11 h after being exposed to the media. In 
water the spores started germinating an average of 5.17 h after being exposed to the media and 
in 1/3 PDB the spores started germinating an average of 4.99 h after being exposed to the media 
(Table 1). Based on an ANOVA test there was no significant difference in the average 
germination time between the four media’s we observed (p= 0.49). This is consistent with 
results found while observing spores on a microscope slide where an average of 35% of spores 
were germinated five hours after being introduced to the media (Supplementary Figure 2; Table 
2). We also used the germination time to determine the variation in experimental conditions 
across 20 channels. Mean and standard errors were calculated for each of the 20 channels from 
an experiment with spermine and spermidine media’s and presented in Figure 3. Results 
indicated that, in general, germination time of the conidial spores was uniform across the 
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channels although some differences were observed. This observation is confirmed by an 
ANOVA test with a p value of 0.83 for each channel and a p value of 0.36 comparing 
germination time among all the channels.  
 
Investigation of vegetative growth of the F. virguliforme fvpo1 mutant and the 
complemented fvpo1 mutant  
To investigate the vegetative growth of the pathogen, we generated a knockout fvpo1 
mutant of the FvPO1 gene encoding polyamine oxidase that metabolizes polyamines to H2O2 
and nitrogen41. A complemented fvpo1 mutant was also generated (Supplemental Figure 3). 
To evaluate the function of the FvPO1 gene, we utilized minimal polyamine (PA) media 
containing either spermidine or spermine as the sole nitrogen source. The conidial spores of 
fvpo1 and complemented fvpo1 mutant were grown in randomly selected channels for up to 48 
h. The microscope objective was set with a final magnification of 160 X to capture images of 
three observations selected in each channel. Digital photos of each observation were taken 
every 30 min for up to 48 h; the relative mycelial growths of the two isolates in pixels are 
presented in Figure 4. As expected, retarded growth was observed in the fvpo1 mutant since it 
cannot metabolize either spermidine or spermine as efficiently as the complemented fvpo1 
mutant with the FvPO1 gene. There is a second gene, FvPO2, encoding polyamine oxidase, 
which was presumably providing the enzyme for some growth that we observed in the fvpo1 
mutant.     
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Investigation of the sporulation process in F. virguliforme 
To study the sporulation in F. virguliforme, photos were taken every 1.5 h starting 24 
to 120 h following suspension of the conidial spores in PA media. Collected images were 
stringed together to generate time-lapse videos (Supplementary Figure 4). The videos were 
analyzed individually to determine the sporulation process. The overall growth patterns of 
mycelia in two PA media from 44 to 80 h are presented in Figure 5. We observed that the 
second conidium starts to develop immediately following detachment of the first one from the 
same conidiophore. The conidia were developed on the conidiophore one after another 
continuously during the 120 h studied period.  
On average, the first conidium was detached from the conidiophore 64 h following 
suspension of conidial spores in PA medium containing only spermine; and 69 h when the 
spores were suspended in PA medium containing spermidine. The difference in time is 
however not statistically significant (p= 0.078) based on a two-tailed t-test (Table 3). It took 
F. virguliforme 10.7 h to develop a mature conidium in PA medium with spermine and 10.5 h 
in PA medium containing spermidine; the difference is not statistically significant (p= 0.88) 
based on a two-tailed t-test (Table 3; Figure 5).  
 
Discussion 
In this study, we have generated a knockout fvpo1 and complemented fvpo1 mutant 
isolates through homologous recombination for studying the quantitative differences in 
mycelial growth (Supplementary Figure 3). The mutant lacking the FvPO1 gene failed to 
produce polyamine oxidase that metabolizes polyamines such as spermidine or spermine. We 
therefore used polyamines as the sole nitrogen source in the minimum liquid PA media to 
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induce retarded growth phenotype for the fvpo1 mutant41. The distinct reproducible growth 
phenotypes of fvpo1 mutant and the complemented fvpo1 mutant were ideal for studying 
mycelial growth in this time-lapse microscopic-photography and establishing the utility of the 
system for objective phenotyping in some fungi under a microscope. Our data demonstrated 
that the system is suitable for growing the pathogen and gathering data from 60 locations of 
20 channels of the microfluidic devise for quantitative study of vegetative growth. The 
pathogen was able to grow in PA media and germinate in around 5 h, which is comparable to 
8 h observed for F. graminearuim, a closely related fungus, when its spores were suspended 
in liquid germination medium42.  
The microfluidic devise developed for this study contains 20 channels for replicated 
experiments. Considering the miniature nature of the devise, experimental variations among 
and within channels expected to be minimal or nonexistent. We did find minimal germination 
variation within and among the channel as exhibited in Figure 3. The variations in germination 
time among and within channels presumably resulted from the biological variation in the 
conidial spores. Although the pathogen propagates asexually, there are physiological 
differences among the conidial spores that can affect time of germination. We observed a range 
in the time taken by the conidia to mature (Figure 5C). Presumably, the conidia could vary in 
size and unknown epigenetic controls leading to variation in germination time.  
In our study, we applied two PA media containing either spermidine or spermine as the 
sole nitrogen source. Spermidine contains three nitrogen molecules; whereas spermine four. 
The two polyamines were adjusted in the media to concentrations so that total nitrogen 
amounts provided by the two PA media are similar. However, we observed that there are 
differences in growth and sporulation of the pathogen in the two media. Although statistically 
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not significant, pathogen tends to germinate and grow a bit rapidly in PA medium containing 
spermine than that containing spermidine (Tables 1 & 2; Figure 5B). We however observed 
statistical difference in sporulation time with early sporulation in spermine medium than that 
in the spermidine medium (Table 3; Figure 5B). These differences in both vegetative and 
reproductive phases may suggest that fungal FvPO1 polyamine oxidase studied here has 
different substrate specificity; spermine is probably metabolized rapidly than spermidine.  
Differences in substrate specificity of polyamine oxidases are well documented. The 
yeast polyamine oxidase was shown to oxidize spermine, N1-acetylspermine and N1-
acetylspermidine but not spermidine43. The parasitic nematode Ascaris suum has a novel 
polyamine oxidase, which selectively oxidizes spermine and spermidine but not the N-
acetylated polyamines44. In vertebrates spermine is oxidized by spermine oxidase (SMO) 
leading to the production of spermidine, 3-aminopropanal and hydrogen peroxide. The N1-
acetylspermine and N1-acetylspermidine are oxidized by a different aceytlpolyamine oxidase 
(APAO) that acts on the acetylated polyamines and produces spermidine and putrescine, 
respectively along with 3-aceto-aminoprpanal and hydrogen peroxide45.  Human polyamine 
oxidase has preference for oxidation of N-acetylspermine and N-acetylspermidine over 
spermine and not for non-acetylated spermidine46. A close vertebrate relative, amphioxus was 
shown to have two polyamine oxidases, one of which oxidizes both spermine and spermidine, 
but not the N1-acetylspermine, while the other oxidizes both spermidine and N1-
acetylspermine but not spermine43. 
Time-lapse microscopy was applied in studying growth and sporulation in the 
bacterium, Streptomyces coelicolor47. In that study, however, the time-lapse images were 
collected for one microscopic field at a time. Microfluidic device enabled quantitative time-
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lapse microscopic-photography system reported here can capture images from 20 samples 
simultaneously at a set interval through commands from a computer integrated to a digital 
camera and motorized stage. Thus, this invention will facilitate rapid objective phenotyping of 
microorganisms including fungi, oomycetes, bacteria, nematodes, etc., provided they are in 
stationary stage essential for capturing images.  
Host-induced gene silencing (HIGS) is an emerging approach in generating novel 
resistance mechanisms in crop plants48. It is becoming apparent that this novel approach has 
been successful if engineering disease resistance in multiple crop species27, 29, 30, 49. Since the 
siRNA molecules-specific to pathogen genes are generated in transgenic crop plants, the 
approach does not affect the quality of the edible products of such plants. To design a 
successful DNA molecule to mediate HIGS, we must identify pathogen genes that are vital for 
growth of the pathogens. The described microfluidic enabled time-lapse microscopic 
photography system should be applicable in identifying such vital pathogen genes through their 
RNAi with in vitro transcribed double stranded RNA molecules.  
 
Materials and Methods 
Microfluidic device design 
The microfluidic devices used in this study were fabricated using conventional soft 
lithography50. The first step was to make a master mold with photoresist SU-8 (Model SU-8-
5; Microchem, Westborough, MA, USA). The mold was made by spin-coating the photoresist 
on a 3-inch silicon wafer (University Wafer, Boston, MA, USA) at 500 rpm for 5 sec and then 
at 1,000 rpm for 30 sec. The resulting thickness of the photoresist layer was 35 µm. 
Subsequently, the wafer was prebaked on a hotplate at 65ºC for 3 min and then at 95ºC for 7 
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min. The patterns of microfluidic channels were designed by AutoCAD software (Autodesk, 
San Rafael, CA, USA) and printed on a transparency film photomask (3,600 dpi) using a high-
resolution plotter (Fineline Imaging, Colorado Springs, CO, USA). The photomask was put on 
top of the photoresist and exposed under ultraviolet lights (150 mJ/cm2) to form the patterns 
of microfluidic channels. Next, the patterned photoresist was further baked on a hotplate at 
65ºC for 1 min and then at 95ºC for another 3 min. The wafer was then immersed into the 
developer solution of SU-8 (Microchem, Westborough, MA USA) for 6 min, followed by 
washing off the wafer with deionized water for 6 min and then drying under nitrogen gas for 3 
min. After that, two-parts cure polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning, 
Midland, MI, USA) precursor solution (weighing ratio of part A:B = 10:1) was mixed and then 
degassed in a homemade chamber for 30 min under vacuum (10-4 Torr). The degassed PDMS 
solution was poured over the fabricated photoresist mold in a disposable polystyrene Petri dish 
(100 mm diameter; Sigma-Aldrich, St. Louis, MO, USA) and baked on a hotplate at 80ºC for 
1 h. After thermally cured, the PDMS device was peeled off from the master mold. For loading 
spore suspensions into the microfluidic channels, an inlet and an outlet were manually punched 
at the two ends of each channel. Next, the PDMS slab was bonded to a glass slide (area: 50 
mm × 75 mm; thickness: 0.9 mm; Dow Corning, Midland, MI, USA) by treating with oxygen 
plasma for 1 min. The device was then baked on a hotplate at 70ºC for 30 min. Finally; another 
oxygen plasma treatment was given to the whole device for 1 min to make the channels 
hydrophilic in order to facilitate loading of conidial spores into individual channels.   
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Microfluidic Assay 
PA medium (volume: 600 µl) containing either spermidine or spermine was used to 
suspend the conidial spores to a final concentration of around 16 spores per microliter. 
Approximately 5 µl of spores were added to each of the 20 channels. The spore samples 
prepared from different genotypes were loaded into the channels at random. Once all channels 
were loaded, a second glass slide (area: 50 mm × 75 mm; thickness: 0.9 mm; Dow Corning, 
USA) was sealed on top of the device to minimize any possible evaporation from the channels. 
Then the device was placed on the motorized stage of the stereomicroscope, which was 
connected to a computer (Dell Precision 3000, Round Rock, TX, USA).  LAS X software 
installed in the computer was used to program the movement trajectory of the stage and 
locations of microscopic fields for time-lapse imaging. Three microscopic fields per channel 
containing one or two spores were marked using the LAS X software (Figure 1). The same 
software was used to take images from the selected three microscopic fields from each of the 
20 channels simultaneously at a set interval using a digital DFC310 FX, Leica camera (Leica, 
Wetzlar, Germany).  
The images were arranged in the correct sequence and compressed into the Windows 
Media Video (.wmv) format. A MATLAB code (http://www.memslab.net/uploads/1/1/5/5/11 
554938/matlab_codes.docx) was used to analyze the images by comparing changes in pixels 
from image to image to determine how much growth occurred in each marked field. A graph 
was produced to show the growth changes over time and videos were analyzed to study 
germination and sporulation processes in F. virguliforme.  
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F. virguliforme isolates 
The virulent F. virguliforme Mont-1 strain was obtained a single-spore isolate of F. 
virguliforme (LL0009) obtained in 2006 from roots of a soybean plant with typical SDS foliar 
symptoms from Nevada, IA. The isolate was initially obtained on modified Nash and Snyder 
medium (MNSM; 4) and then stored on carnation leaf agar at 4°C51. Before inoculation, 
cultures of the isolate were grown on potato dextrose agar at room temperature (24 ± 2°C) in 
darkness for 14 days. Knockout fvpo1 mutants were created using the homologous 
recombination protocol described  by Pudake his co-workers22. Two regions, approximately 1 
kb 5’- and 3’-end of the FvPO1 gene were PCR amplified (Supplemental Table 4) using Cx 
PFU Turbo Taq polymerase (Agilent Technologies, Santa Clara, CA). The two PCR fragments 
were cloned into the pRF-HU2 binary vector52 using the USER enzyme mix (New England 
Biolabs, Inc, Ipswich, MA). The resultant plasmid was transformed into Agrobacterium 
tumefaciens EHA-105 strain. Positive EHA-105 colonies were grown overnight at 28°C in 
YEP medium (Cold Spring Harbor Protocol, 2006) amended with kanamyacin sulfate (50 
µg/ml) and rifamipicin (25 µg/ml). The cultures were used to inoculate IMAS medium22 
containing kanamycin sulfate (50 μg/μl) and grown till OD600 between 0.5 and 0.7.  The 
cultures were then mixed with F. virguliforme spores (2 x 106 spores/ml) in a 1:1 ratio. The 
mixture was then plated on black filter paper (Thomas Scientific, Swedesboro, NJ) layered 
over IMAS plates. The Filters were transferred to DFM plates22 containing hygromycin (150 
μg/ml) and cefotaxime (300 μg/ml) after 3 days co-culture. After 3-5 days on the DFM plates, 
the filters were moved to new DFM plates containing hygromycin (150 μg/ml) and cefotaxime 
(300 μg/ml). Colonies were selected and screened using PCR and Southern blot analysis22 for 
presence of the hygromycin resistance Hph gene and absence of the FvPO1 gene. For fvpo1 
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complementation, a fragment containing 3,594 bp including the FvPO1 5’-end region, gene 
and 3’-end region and the 1 kb fragment containing the FvPO1 3’-end sequence was amplified 
using the Cx PFU Turbo Taq polymerase. The fragments were cloned into the pRF-HU2 vector 
with the hygromycin resistance gene replaced with the geneticin resistance gene using the 
USER enzyme mix. The resulting plasmid was transformed into A. tumefaciens strain EHA-
105 and positive colonies were selected and confirmed for stability of the plasmid construct in 
the A. tumefaciens by conducting restriction digestion and gel analysis of the restriction 
enzyme-digested plasmid. fvpo1 mutant conidial spores were transformed with the construct 
by following the protocol described above for generating the fvpo1 mutant. The transformants 
were selected on geneticin (150 μg/ml) containing plates. The resulting colonies were verified 
using PCR to demonstrate the presence of the FvPO1 and geneticin resistance genes. Knockout 
mutant and complemented F. virguliforme isolates were checked for polyamine oxidase 
activity on minimal media containing spermine and spermidine as the sole nitrogen source to 
confirm the loss of polyamine oxidase function in the knockout Δfvpo1 mutant and regain of 
the activity in a complemented a Δfvpo1::FvPO1 mutant (Supplementary Figure 3). 
 
Preparation of F. virguliforme spores  
F. virguliforme isolate Mont-1 was grown on solid Bilay medium (0.1% KH2PO4 
[wt/vol], 0.1% KNO3 [wt/vol], 0.05% MgSO4 [wt/vol], 0.05% KCl [wt/vol], 0.02% starch 
[wt/vol], 0.02% glucose [wt/vol], and 0.02% sucrose [wt/vol]) and transferred to solid 1/3 PDA 
medium (0.9% PDA [wt/vol])53. Plates were incubated at room temperature in the dark. After 
2-3 weeks the plates were washed with 2 mL autoclaved, double distilled water and placed in 
a clean 1.7 mL Eppendorf tube. The tubes were then centrifuged for 10 sec at maximum speed 
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to pellet the spores. The pellets were then re-suspended in autoclaved, double distilled water 
(dd H2O), repeated two more times to eliminate any leftover nutrients from the 1/3 PDA plates 
and finally resuspended in 1 ml dd H2O.  A 1:100 dilution of the spore suspension was prepared 
in the respective PA medium to count in a hemocytometer. Two readings were taken and 
averaged to get a more accurate concentration. The spore suspension was diluted in PA 
medium (1% glucose [wt/vol], 0.02% MgSO4 7H2O [wt/vol], 0.3% KH2PO4 [wt/vol], 0.1 mL 
Trace Elements) containing either spermine (500 µM) or spermidine (690 µM), 1/3 PDB (8.8g 
potato dextrose broth in 1L dd H2O), or dd H2O. The diluted spore suspensions were 
immediately loaded into individual channels of the microfluidic devise.   
 
Tables 
Table 1. Time taken to observe the first visible sign of germination of conidial spores.  
 
 
 
 
 
 
 
 
1 The mean and standard error in each medium were calculated from data presented in 
Supplemental Table 1. p= 0.49 from an ANOVA test 
 
 
 
 
 
 
 
 
 
 
Medium  1Visible germ tube (h) 
Spermine 5.29 ± 0.11 
Spermidine 5.11 ± 0.11 
1/3 PDB 4.99 ± 0.17 
Water 5.17 ± 0.17 
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Table 2. Percent of spores germinated after five hours in media on glass slide. 
 
Media Percent germinated 
Spermidine 29.90 
Spermine 28 
1/3 PDB 30 
Water 51.19 
 
 
Table 3. Conidial spore formation in F. virguliforme.  
 
 
 
 
1 Data are mean and standard errors of time taken for the first conidia to mature, calculated 
from data provided in Supplemental Table 2. p= 0.078198 from a two tailed T-test 
2 Data are mean and standard errors of time taken for conidia to mature, calculated from 
the data provided in Supplemental Table 3. p= 0.88197 from a two tailed T-test 
 
 
 
 
 
 
 
 
PA medium 
containing 
1First conidium 
formed (h) 
2Average conidial spore 
formation time (h) 
Spermine 64 ± 2.15 10.74 ± 0.46  
Spermidine 69 ± 1.46 10.46 ± 0.42 
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Figures 
  
Figure 1. Microfluidic devise used in studying mycelial growth, conidial germination and 
sporulation processes in F. virguliforme. A) Microfluidic device (top view) with 20 channels. 
Note that each channel is 3 mm wide and 13 mm long. B) Side view of the microfluidic 
device. Arrow shows a 40 μm deep channel (reddish brown color). The conidial suspensions 
are loaded into each channel of the device through its inlet. The entire devise is sealed with a 
piece of glass (1.2 mm thick) to prevent evaporation. C) Set up of the microfluidic assay. The 
sealed microfluidic device is placed on the motorized stage (shown by a white arrow) of a 
Leica stereoscopic microscope. The microscopic fields carrying the conidial spores were 
marked and observations were taken at an assigned interval using a program (LAS X) 
installed in the computer.  
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Figure 2. Differential mycelial growth of fvpo1 and complemented fvpo1 isolate. 
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Figure 3. Germination and mycelial growth of F. virguliforme. A) Time-lapse microscopic 
images showing germ tube development, elongation, and mycelial growth. B) Growth of F. 
virguliforme Mont-1 following germination of conidial spores shown in digital pixels. Arrow 
shows when majority of the spores started to germinate (Table 1). Data are mean ± standard 
errors of observations collected every 15 min. C) Time taken by the spores to show first sign 
of germination (Supplementary Table 1).  
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Figure 4. Variation in time taken to show first sign of germination among and within channels. 
Data are mean and standard errors of three observations in each channel of a typical 
experiment. Details of the data are presented in Supplemental Table 1. ANOVA for variation 
based on location p= 0.832793, for sides of the chip p= 0.3666 
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Figure 5. Sporulation in F. virguliforme Mont-1. A) Microscopic time-lapse images showing 
the development of a conidium from the first sign of its development on a conidiophore (shown 
by white arrows in the magnified sections of the selected area). The pathogen was grown in 
PA medium containing spermine. B) Growth plot of F. virguliforme showing the time of the 
first detachment of conidial spores from their conidiophores shown by arrows (mean ± standard 
error [horizontal line]). Details are provided in Table 3. C) Time taken for individual conidial 
spores from initial development to detachment from the conidiophores. Details of the 
observations are presented in Table 3. 
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Supplementary Tables 
Supplementary Table 1. Time taken to observe the first visible sign of germination. 
Observation 
no.  
Location on channel  
Germination 
tube visible (h) 
PA medium with spermine 
1 163 5.75 
2 164 4.25 
3 165 5.25 
4 166 5.5 
5 167 5 
6 168 4.75 
7 169 4.25 
8 170 6 
9 171 4 
10 172 4.75 
11 173 4.75 
12 174 5.25 
13 175 6 
14 176 5 
15 177 4.25 
16 178 4.5 
17 179 5.5 
18 180 6 
19 181 4 
20 182 6.75 
21 183 4.25 
22 184 4.5 
23 185 4.5 
24 186 4.75 
25 187 4 
26 188 6.5 
27 189 3.75 
28 190 5.5 
29 191 5.25 
30 192 6.25 
31 162 3.75 
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Supplementary Table 1 (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
32 163 5.75 
33 164 7 
34 165 5.75 
35 166 6.25 
36 167 5 
37 168 5 
38 169 5.25 
39 170 7 
40 171 4.25 
41 172 5 
42 173 6.75 
43 174 5.25 
44 175 4.5 
45 176 5.25 
46 177 6 
47 178 5.75 
48 180 5 
49 181 5.75 
50 182 7.5 
51 183 5.25 
52 185 6.25 
53 186 6.25 
54 187 5.5 
55 188 5.75 
56 189 6 
57 190 5 
58 191 5.25 
59 192 4.5 
  
PA medium with spermidine 
  
1 193 4.5 
2 194 5.5 
3 195 5.75 
4 196 4.5 
5 197 5.25 
6 198 5.25 
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Supplementary Table 1 (continued) 
7 199 5.25 
8 200 4.75 
9 201 6 
10 202 4.5 
11 203 6.25 
12 204 4.5 
13 205 4.5 
14 206 5.75 
15 207 6 
16 208 5 
17 209 5.5 
18 210 4.75 
19 211 4.5 
20 212 4.25 
21 213 4.75 
22 214 5.5 
23 215 4.75 
24 216 5.5 
25 217 6.25 
26 218 6.25 
27 220 5.75 
28 221 5.5 
29 193 5.75 
30 194 5.25 
31 195 4.25 
32 196 5.25 
33 197 5 
34 198 8.5 
35 199 5.75 
36 200 5.5 
37 201 4.25 
38 202 4.75 
39 203 5.25 
40 204 5.25 
41 205 5 
42 206 5 
43 207 5 
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Supplementary Table 1 (continued) 
44 208 3.75 
45 209 4 
46 210 4.75 
47 211 5 
48 212 3.75 
49 213 7 
50 214 4.25 
51 215 5 
52 216 4.75 
53 217 4 
54 218 4.25 
55 219 4.5 
56 220 7 
57 221 4 
58 222 4.25 
1/3 PDA media 
1 162 4.67 
2 163 4.42 
3 164 4.67 
4 165 5.92 
5 166 5.42 
6 167 3.67 
7 168 5.92 
8 169 4.17 
9 170 4.92 
10 171 5.17 
11 172 5.42 
12 173 6.17 
13 174 5.17 
14 175 4.42 
15 176 4.42 
16 177 4.17 
17 178 4.92 
18 179 5.17 
19 180 4.17 
20 181 5.17 
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Supplementary Table 1 (continued) 
21 182 5.42 
22 183 4.17 
23 184 4.67 
24 185 4.67 
25 186 4.92 
26 187 4.92 
27 188 5.67 
28 189 5.17 
29 190 4.17 
30 191 4.17 
31 162 3.42 
32 163 3.92 
33 165 6.92 
34 167 9.17 
35 168 5.92 
36 169 5.67 
37 170 3.42 
38 171 4.17 
39 172 9.42 
40 173 3.42 
41 174 3.92 
42 176 4.17 
43 177 3.92 
44 178 4.67 
45 180 6.17 
46 185 3.67 
47 186 5.67 
48 188 3.42 
49 189 5.17 
50 190 3.92 
51 192 4.17 
Water 
1 192 7.17 
2 193 4.67 
3 194 5.92 
4 195 5.42 
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Supplementary Table 1 (continued) 
5 196 4.92 
6 197 5.92 
7 198 6.17 
8 199 5.67 
9 200 5.17 
10 201 5.42 
11 202 5.92 
12 203 4.67 
13 204 6.67 
14 205 4.92 
15 206 5.67 
16 207 4.92 
17 208 5.42 
18 209 5.17 
19 210 6.17 
20 211 4.92 
21 212 5.92 
22 213 5.67 
23 214 5.42 
24 215 6.42 
25 216 6.17 
26 217 5.92 
27 218 6.17 
28 219 5.42 
29 220 4.42 
30 193 3.67 
31 194 3.42 
32 195 3.92 
33 196 3.67 
34 198 4.67 
35 199 3.42 
36 200 3.92 
37 202 4.42 
38 203 3.42 
39 204 8.67 
40 205 8.17 
41 206 3.67 
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Supplementary Table 1 (continued) 
42 207 4.67 
43 208 3.17 
44 210 5.92 
45 211 3.67 
46 214 4.17 
47 215 4.17 
48 216 3.92 
49 217 3.42 
50 221 3.92 
 
Supplementary Table 2. Time taken for the first conidium to detach from an individual 
conidiophore following suspension of conidial spores in liquid PA media.  
Observation 
no. 
Location on channel 
First conidium detaches from 
conidiophore (h) 
PA medium with spermine (12/4/2015) 
1 180 87 
2 190 88.5 
3 191 85.5 
4 192 78 
5 193 67.5 
6 194 66 
7 195 70.5 
8 196 66 
9 197 76.125 
10 201 87 
11 202 90 
12 204 85.5 
13 210 81 
14 211 85.5 
15 212 63 
16 213 64.5 
17 214 67.5 
18 215 78 
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Supplementary Table 2 (continued) 
Observation 
no. 
Location on channel 
First conidium detaches from 
conidiophore (h) 
PA medium with spermine (12/30/2015) 
19 165 61.5 
20 166 54 
21 167 60 
22 168 57 
23 169 64.5 
24 171 55.5 
25 173 61.5 
26 174 57 
27 176 58.5 
28 177 64.5 
29 178 49.5 
30 179 48 
31 180 49.5 
32 181 64.5 
33 182 63 
34 183 54 
35 184 49.5 
36 185 52.5 
37 187 39 
38 188 58.5 
39 189 48 
40 190 52.5 
41 191 46.5 
PA medium with spermidine (10/30/2015) 
1 194 72 
2 196 76.5 
3 198 78 
4 199 64.5 
5 201 76.5 
6 202 76.5 
7 203 85.5 
8 205 82.5 
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Supplementary Table 2 (continued) 
Observation 
no. 
Location on channel 
First conidium detaches from 
conidiophore (h) 
9 206 63 
11 208 66 
12 209 72 
13 210 64.5 
14 211 78 
15 213 64.5 
16 214 61.5 
17 215 75 
PA medium with spermidine (12/4/2015) 
18 162 52.5 
19 163 64.5 
20 164 54 
21 165 67.5 
22 167 63 
23 168 75 
24 169 75 
25 175 75 
26 179 65.8125 
PA medium with spermidine 12/30/2015 
27 192 61.5 
28 196 69 
29 197 60 
30 198 60 
31 202 75 
32 203 79.5 
 
 
 
 
 
42 
 
   
Supplementary Table 3. Time taken for an individual conidial spore to mature and detach 
from the conidiophore. Note that data in blue font or red font in a microscopic filed indicate 
the conidial spores developed from single conidiophores in succession. 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
Spermidine 10/30/2015 
1 164     0 
2 
171 
79.5 91.5 12 
3 91.5 105 13.5 
4 172     0 
5 175     0 
6 
177 
79.5 88.5 9 
7 99 114 15 
8 103.5 120 16.5 
9 
183 
84 94.5 10.5 
10 94.5 106.5 12 
11 
194 
72 82.5 10.5 
12 82.5 97.5 15 
13 87 100.5 13.5 
14 96 103.5 7.5 
15 102 115.5 13.5 
16 195     0 
17 
196 
75 88.5 13.5 
18 79.5 91.5 12 
19 90 105 15 
20 94.5 111 16.5 
21 97.5 111 13.5 
22 197     0 
23 
198 
79.5 90 10.5 
24 90 103.5 13.5 
25 90 99 9 
26 91.5 102 10.5 
27 91.5 103.5 12 
28 
199 
63 72 9 
29 73.5 85.5 12 
30 81 99 18 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
31 199 103.5 120 16.5 
32 200     0 
33 
201 
76.5 87 10.5 
34 88.5 102 13.5 
35 97.5 114 16.5 
36 102 115.5 13.5 
37 
202 
76.5 84 7.5 
38 81 88.5 7.5 
39 84 94.5 10.5 
40 85.5 93 7.5 
41 87 93 6 
42 91.5 103.5 12 
43 94.5 103.5 9 
44 
203 
85.5 99 13.5 
45 97.5 106.5 9 
46 204     0 
47 
205 
85.5 96 10.5 
48 97.5 109.5 12 
49 
206 
70.5 78 7.5 
50 72 82.5 10.5 
51 73.5 85.5 12 
52 90 102 12 
53 108 118.5 10.5 
54 
207 
64.5 73.5 9 
55 66 76.5 10.5 
56 70.5 81 10.5 
57 78 87 9 
58 79.5 90 10.5 
59 87 96 9 
60 
208 
75 87 12 
61 75 87 12 
62 88.5 99 10.5 
63 90 112.5 22.5 
64 209 70.5 81 10.5 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
65 
209 
85.5 99 13.5 
66 96 114 18 
67 
210 
63 73.5 10.5 
68 63 73.5 10.5 
69 67.5 81 13.5 
70 67.5 81 13.5 
71 73.5 84 10.5 
72 
211 
78 90 12 
73 82.5 93 10.5 
74 99 112.5 13.5 
75 212     0 
76 
213 
64.5 73.5 9 
77 72 81 9 
78 73.5 84 10.5 
79 82.5 96 13.5 
80 
214 
60 69 9 
81 69 84 15 
82 103.5 121.5 18 
83 
215 
66 78 12 
84 73.5 88.5 15 
85 81 94.5 13.5 
86 94.5 111 16.5 
Spermidine 12/4/2015 
86 
162 
51 61.5 10.5 
87 61.5 75 13.5 
88 61.5 75 13.5 
89 78 88.5 10.5 
90 
163 
66 73.5 7.5 
91 81 93 12 
92 84 94.5 10.5 
93 87 102 15 
94 
164 
52.5 61.5 9 
95 75.5 88.5 13 
96 87 97.5 10.5 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
97 
165 
70.5 82.5 12 
98 70.5 81 10.5 
99 78 87 9 
100 84 96 12 
101 
166 
82.5 93 10.5 
102 93 108 15 
103 
167 
66 81 15 
104 70.5 79.5 9 
105 82.5 94.5 12 
106 88.5 103.5 15 
107 
168 
90 102 12 
108 76.5 88.5 12 
109 169     0 
110 170 79.5 91.5 12 
111 171     0 
112 172     0 
113 173     0 
114 174     0 
115 
175 
76.5 88.5 12 
116 88.5 105 16.5 
117 176     0 
118 177     0 
119 178     0 
120 179     0 
Spermidine 12/30/15 
121 
192 
60 73.5 13.5 
122 63 75 12 
123 61.5 75 13.5 
124 66 79.5 13.5 
125 67.5 84 16.5 
126 
196 
64.5 75 10.5 
127 66 75 9 
128 69 76.5 7.5 
129 69 82.5 13.5 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
130  79.5 96 13.5 
131 
197 
60 72 12 
132 75 94.5 19.5 
133 76.5 94.5 18 
134 
198 
60 70.5 10.5 
135 73.5 88.5 15 
136 73.5 87 13.5 
137 78 96 18 
138 
202 
75 90 15 
139 81 94.5 13.5 
140 203 79.5 90 10.5 
Spermine 10/30/2015 
1 
180 
87 99 12 
2 90 99 9 
3 181 85.5 96 10.5 
4 182     0 
5 
183 
81 96 15 
6 90 102 12 
7 
184 
85.5 99 13.5 
8 96 106.5 10.5 
9 
185 
78 87 9 
10 81 90 9 
11 85.5 96 10.5 
12 186 93 103.5 10.5 
13 195 91.5 102 10.5 
14 
196 
90 106.5 16.5 
15 99 106.5 7.5 
16 
199 
87 96 9 
17 88.5 102 13.5 
18 96 108 12 
19 
201 
85.5 97.5 12 
20 85.5 97.5 12 
21 90 100.5 10.5 
22 202 88.5 99 10.5 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
23 203     0 
24 
204 
70.5 82.5 12 
25 73.5 85.5 12 
26 76.5 84 7.5 
27 87 102 15 
28 
207 
79.5 91.5 12 
29 82.5 94.5 12 
30 90 103.5 13.5 
31 
208 
60 69 9 
32 66 78 12 
33 66 78 12 
34 69 78 9 
35 81 102 21 
36 
209 
66 76.5 10.5 
37 66 78 12 
38 75 87 12 
39 84 103.5 19.5 
40 210 67.5 82.5 15 
41 211     0 
42 212 66 78 12 
43 
213 
70.5 84 13.5 
44 84 103.5 19.5 
45 85.5 97.5 12 
46 
214 
72 87 15 
47 82.5 96 13.5 
48 
215 
78 90 12 
49 93 106.5 13.5 
50 97 99 2 
Spermine 12/30/2015 
51 
165 
61.5 79.5 18 
52 61.5 73.5 12 
53 64.5 81 16.5 
54 81 93 12 
55 82.5 102 19.5 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
56 
166 
54 60 6 
57 54 69 15 
58 55.5 75 19.5 
59 73.5 88.5 15 
60 93 118.5 25.5 
61 
167 
60 69 9 
62 63 69 6 
63 64.5 75 10.5 
64 67.5 82.5 15 
65 67.5 84 16.5 
66 
168 
57 69 12 
67 61.5 73.5 12 
68 69 79.5 10.5 
69 69 79.5 10.5 
70 73.5 90 16.5 
71 
169 
64.5 75 10.5 
72 76.5 85.5 9 
73 82.5 87 4.5 
74 94.5 106.5 12 
75 
171 
55.5 66 10.5 
76 55.5 79.5 24 
77 70.5 82.5 12 
78 70.5 79.5 9 
79 82.5 99 16.5 
80 
173 
57 67.5 10.5 
81 61.5 75 13.5 
82 66 82.5 16.5 
83 67.5 81 13.5 
84 76.5 96 19.5 
85 
174 
57 66 9 
86 61.5 76.5 15 
87 66 78 12 
88 78 90 12 
89 94.5 114 19.5 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
90 
176 
58.5 73.5 15 
91 58.5 73.5 15 
92 67.5 78 10.5 
93 72 81 9 
94 76.5 93 16.5 
95 
177 
64.5 76.5 12 
96 66 78 12 
97 69 81 12 
98 76.5 105 28.5 
99 78 91.5 13.5 
100 
178 
45 61.5 16.5 
101 49.5 63 13.5 
102 55.5 72 16.5 
103 63 70.5 7.5 
104 76.5 90 13.5 
105 
179 
48 66 18 
106 49.5 58.5 9 
107 57 70.5 13.5 
108 67.5 75 7.5 
109 91.5 100.5 9 
110 
180 
63 73.5 10.5 
111 73.5 88.5 15 
112 75 87 12 
113 75 91.5 16.5 
114 84 102 18 
115 
181 
64.5 75 10.5 
116 66 76.5 10.5 
117 78 93 15 
118 97.5 111 13.5 
119 108 115.5 7.5 
120 
182 
63 85.5 22.5 
121 66 82.5 16.5 
122 90 106.5 16.5 
123 187 39 52.5 13.5 
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Supplementary Table 3 (continued) 
Observation 
no. 
Location 
on 
channel 
Start of 
spore 
formation 
(h) 
Spore detaches 
from 
conidiophore 
(h) 
Total no. hours 
to produce a 
spore 
124 
187 
45 58.5 13.5 
125 52.5 63 10.5 
126 57 67.5 10.5 
127 66 78 12 
128 
188 
57 67.5 10.5 
129 61.5 73.5 12 
130 63 73.5 10.5 
131 73.5 90 16.5 
132 73.5 87 13.5 
133 
189 
48 55.5 7.5 
134 57 66 9 
135 67.5 84 16.5 
136 67.5 79.5 12 
137 79.5 97.5 18 
138 
190 
52.5 64.5 12 
139 52.5 66 13.5 
140 52.5 67.5 15 
141 57 67.5 10.5 
142 61.5 73.5 12 
143 
191 
46.5 54 7.5 
144 48 55.5 7.5 
145 57 64.5 7.5 
146 58.5 70.5 12 
147 61.5 70.5 9 
 
Supplementary Table 4. Primers used in generating fvpo1 and complemented fvpo1 mutant.  
Primer Name Sequence 
PO-01 ggtcttaaugctggatatgctacattgcgaactc 
PO-02 ggcattaauggacgaggtgtgagagctggttcatc 
PO-03 ggacttaauggacctgcattgcgatgtatgattg 
PO-04 gggtttaauctcgcggacgtggagacatgtaagtg 
PO-UU ggaggacagagtggagaaaggcattg  
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Supplementary Table 4 (continued) 
PO-DD gaggatctggttcaagaaaccagatc 
g6063F ggtggtcgtatggctcttacagcaac 
g6063R cgtcgttccatgaagaacctcatac 
PO-02FL ggcattaaucagcttgaggcagccaccttcgtacacgatg 
Hyg588U agctgcgccgatggtttctacaa  
Hyg588L gcgcgtctgctgctccatacaa  
GenF4 gctgaccgcttcctcgtgctttac 
GenR gaattcactagtaggaacttcggaataggaacttc 
 
Supplementary Figures 
Supplementary Figure 1. Germinating spores on microscope slide six hours after being 
exposed to media (A) 1/3 PDB (B) Spermidine (C) Water (D) Spermine 
 
http://www.memslab.net/uploads/1/1/5/5/11554938/supplementary_figure_1.wmv 
Supplementary Figure 2. Time-lapse microscopic-photography of germination of a F. 
virguliforme conidium.  
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Supplemental Figure 3. Construction of Δfvpo1 knockout and complemented mutants. A) 
Schematic representation of the strategy for creating both Δfvpo1 and complemented 
Δfvpo1::FvPO1 isolates. Transformations were created using homologous recombination 
vector pRF-HU254. B) PCR confirming knockout fvpo1 mutants. Primer location for g6063 
can be found in A. g14032, g14537, and g11449 are control genes to show presence of fungal 
DNA in all samples. C) PCR showing the complementation of the Δfvpo1-1 mutant. Location 
of primers for g6063, G418R (GenF4 and GenR) can be found in A. g12304 and FvTox1 were 
used as controls to show presence of fungal DNA in all samples. All primer sequences can be 
found in Supplemental Table 4. D) Lack of growth of fvpo1 in a PA medium. Growth of 
conidial spores of Δfvpo1-1, Δfvpo1-2, Δfvpo1-1::FvPO1, and Mont-1 on PA medium 
containing spermine as the sole nitrogen source. Reduced growth of Δfvpo1-1 and Δfvpo1-2 in 
a PA medium confirmed the decreased polyamine oxidase activity in these mutants due to loss 
of the FvPO1 gene among these knockout mutants. Complemented Δfvpo1::FvPO1 isolate 
regained the polyamine oxidase activity and able to grow in a PA medium as the wild-type 
Mont-1 isolate. 
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http://www.memslab.net/uploads/1/1/5/5/11554938/supplemental_figure_2.wmv 
Supplementary Figure 4. Time-lapse microscopic-photography of sporulation in F. 
virguliforme.  
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CHAPTER 3.  HOST-INDUCED GENE SILENCING OF FUSARIUM 
VIRGULIFORME GENES TO ENHANCE SDS RESISTANCE OF TRANSGENIC 
SOYBEANS 
 
A manuscript to be submitted 
 
Jill Marshall1, Sivakumar Swaminathan, Madan K. Bhattacharyya2 
 
 
Abstract 
  Sudden Death Syndrome (SDS), caused by a soil-borne fungal pathogen Fusarium 
virguliforme, is one of the five most serious soybean diseases in the United States. In this study, 
we looked at the potential of host-induced gene silencing (HIGS) to occur for important 
housekeeping and pathogenicity F. virguliforme genes in stable transgenic soybean plants. 
Twenty-two candidate housekeeping and pathogenicity F. virguliforme genes were cloned into 
10 synthetic gBlocks® gene fragments to express dsRNA molecules in transgenic soybean 
plants. In generating the 10 synthetic gBlocks® gene fragments sequences, between one and 
four F. virguliforme genes were pasted together through in vitro oligonucleotide synthesis 
approach in individual synthetic genes. In preliminary root-inoculation assays we observed  
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2Corresponding Author: G303 Agronomy Hall, Iowa State University, Ames, IA 50011-1010, 
USA 
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 that under low inoculum level, transgenic soybeans plants carrying the synthetic genes showed 
enhanced SDS resistance; whereas, under increased F. virguliforme inoculum level, they failed 
to show any resistance to the pathogen.  
 
Introduction 
 SDS is one of the top five diseases of soybean in the United States. It has been estimated 
that between the years of 1996 and 2007, SDS caused yield suppression valued at over 100 
million  dollars1, 2. The severity of SDS is largely dependent on weather conditions and timing 
of disease onset; and which is why the yield losses from year to year even in a single field can 
vary drastically. If the plants are infected by F. virguliforme during earlier stages of 
development, it can cause yield loss through flower and pod abortion decreasing the overall 
seed number3-5; whereas, if the pathogen infection occurs during later stages of development 
(pod-filling), yield suppression is resulted from smaller seed sizes3, 6. 
 F. virguliforme is a soil-borne pathogen which infects soybean roots and releases toxins 
that travel along with xylem sap to apical portion of the soybean plants to cause foliar SDS. 
SDS was first discovered in Arkansas in 19717 and has since spread to 20 states including 
South Dakota8, Minnesota9, Nebraska10, Kansas11, Wisconsin12, Tennessee, Missouri, 
Mississippi, Illinois, Kentucky, Indiana13, Iowa14, Pennsylvania15, Michigan16, Maryland, 
Deleware17, North Virginia18, Louisiana, Alabama19, and Ohio7, as well as Ontario, Canada20. 
In 1991, SDS was detected in Argentina, South America2; and since then, it has spread to 
multiple South American countries including Brazil21, Paraguay2, Bolivia22, and Uruguay2. 
Recent studies are looking into controlling this disease with fungicide applications to reduce 
both root and foliar symptoms23. The main method of controlling this disease is growing of 
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SDS resistance soybean cultivars. Unfortunately, over 40 quantitative trait loci (QTL), each 
conditioning small effect, govern SDS resistance24. Therefore, an alternative single-gene 
encoded genetic resistance mechanism is becoming essential to manage this serious disease.  
 RNA interference (RNAi) has become an important genetic tool since it was first 
discovered in 1998 in Caenorhabditis elegans25. Antisense RNA molecules base pair with its 
counterpart mRNA and inhibit translation and/or degrade target mRNAs. RNAi can be used to 
control Western corn rootworm populations. When rootworms were fed specific double-
stranded RNA (dsRNA) to silence a key gene through the RNAi pathway, growth inhibition 
and mortality was observed26.   
 In recent years, a number of studies have documented the efficacy of RNAi in vitro27-
30. It has also recently been shown that in planta expression of dsRNAs of pathogen-specific 
genes induce host-induced gene silencing (HIGS) in the pathogens. In Barley, when a dsRNA 
molecule targeting three genes encoding cytochrome P450 lanosterol C14α-demethylases was 
expressed HIGS was induced in Fusarium graminearum resulting in Fusarium head blight and 
root rot resistance31. HIGS has been  applied to protect banana against Fusarium oxysporum f. 
sp. cubense32. It has been shown that HIGS is applicable in providing resistance against wheat 
leaf rust fungus Puccinia triticina in wheat33.  HIGS has even been applied in lettuce to inhibit 
an oomycete pathogen that causes downy mildew34. The HIGS pathway has also been used to 
regulate other pathogens such as Tomato yellow leaf curl virus in tomato (TYLCV)35.  
 In this study we investigated the potential use of HIGS in enhancing SDS resistance in 
soybean. Double stranded RNA (dsRNA) molecules targeting a list of candidate vital F. 
virguliforme genes were expressed in transgenic soybean plants to suppress growth of the 
pathogen in infected soybean cells. The F. virguliforme gene list was developed based on 
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literature search. Twenty-two F. virguliforme genes were cloned in ten gBlocks® synthetic 
gene fragments, each carrying one to four F. virguliforme genes for generating dsRNAs in 
transgenic soybean plants.  
 
Results 
In vitro silencing of F. virguliforme genes 
 In a preliminary study, we selected eight F. virguliforme genes as targets of RNAi in 
this pathogen. Genes were selected based on previously published work (Table 1). F. 
virguliforme Mont-1 spores were imbibed with in vitro transcribed dsRNAs and plated on glass 
microscopic slides or ¼ PDA plates. Colony forming units in plate assays and number of 
germinated spores on slides were counted. In Figure 1, results of three independent plate assays 
and two glass slide assays are presented. It was observed that the Map Kinase 1 gene has a 
significant effect on germination of spores in both the glass slide and plate assays.  
 
Development of a binary vector and synthetic genes for expressing dsRNAs in transgenic 
soybean plants 
 We applied the “gBlocks® Gene Fragments” technology (IDT, Coralville, IA) in 
developing a binary vector for generating ten transgene constructs to express dsRNA 
molecules specific to 22 F. virguliforme genes.  The vector was designed based on a paper by 
Koch et al.31. The vector was created by cloning root promoter 7 (Glyma10g31210) into a 
vector already containing root promoter 4 (Glyma20g36300) and bar gene using the AscI 
restriction site. Restriction digestion and gel analysis were conducted to confirm that the 
promoters were cloned correctly. Next, the CaMV 35S promoter fused GFP gene was cloned 
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in the downstream of the transgene-cloning site with the PstI restriction site. Next, a gBlocks® 
gene fragment containing the Nos and CaMV 35S terminators in head-to-head orientation 
separated by multiple endonuclease restriction enzyme cloning sites for cloning the gBlocks® 
gene fragments was cloned in between the two promoters using the AscI restriction site (Figure 
2).  
 Ten synthetic transgenes for HIGS of 22 F. virguliforme genes in transgenic soybean 
plants were generated by applying the “gBlocks® Gene Fragments” technology. The gene list 
was generated by conducting literature search for housekeeping genes and pathogenicity genes, 
some of which already been successfully applied for HIGS of related pathogens in transgenic 
host plants (Table 2). The “gBlocks® Gene Fragments” technology allowed us to pick up to 
five possible target sites of a gene (Figure 3) and string them together for generating dsRNA 
molecules for RNAi of a target gene. This approach also allowed us to combine up to four 
genes in one synthetic transgene. The “gBlocks® Gene Fragments” were synthesized in IDT 
(Coralville, IA) and cloned into pBlueScript vector in Escherichia coli for sequencing and 
confirming the sequence of designed gBlocks® synthetic DNA fragments (Supplementary 
Figure 1). The pISUAGRON7 vector containing 10 individual gBlocks® synthetic transgene 
fragments were transformed into the cultivar ‘Williams 82’ at the ISU Plant Transformation 
Facility. 
 
Evaluation of synthetic transgenes for HIGS of F. virguliforme genes in stable transgenic 
soybean plants  
 To determine if HIGS of the F. virguliforme genes can enhance SDS resistance, R1 
seeds of individual soybean transformants were grown in soil that was mixed with F. 
59 
 
   
virguliforme inoculum, prepared by growing the pathogen in sorghum meal36. Four weeks after 
sowing, the soybean leaves were scored for foliar SDS symptoms using a published scoring 
system37-40. Results of two inoculation experiments are presented in Figure 4. It was observed 
that the transgenic plants could show enhanced SDS resistance only in one experiment (Figure 
4C, 4D), and not in the other (Figure 4A, 4B). However, the reduction of symptom 
development was not as extreme as in MN1606, an SDS resistant line currently being 
cultivated. Presumably, low inoculum level in one experiment (Figure 4C, 4D) allowed the 
transgenes to confer some levels of HIGS-induced SDS resistance. This observation indicates 
that HIGS might have minimal impact in reducing pathogen growth in infected roots.  
 
Discussion 
 In this study, we have shown that HIGS might have minimal impact in reducing 
pathogen growth in infected roots.  More work is needed to test if these transgenic soybean 
lines showing marginal resistance could be suitable for protecting soybean from F. 
virguliforme under field conditions. It is unknown the reasons for poor levels of SDS resistance 
conferred by HIGS of selected F. virguliforme genes. Possible reasons may include: (i) poor 
transfer of F. virguliforme gene-specific siRNAs from soybean cells to the invading hyphae of 
the pathogen; (ii) poor selection of target genes; (iii) lack of sufficient levels of siRNAs 
production in transgenic soybean for HIGS.   
 To determine if HIGS is involved in silencing any of the selected target F. virguliforme 
genes, we have selected transgenic soybean plants carrying two transgenes, BG-VG and V-
DRP-PKC, for silencing four soybean genes among the progenies of three independent 
transformants (Supplementary Table 1; please write a foot note in this table about the ones 
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selected for sequencing). These two transgenes were selected because Beta-1,3-
glucanosyltransferase and VeA Protein genes contained in these transgenes are highly 
expressed during infection (Supplementary Table 1; B. Sahu and M.K. Bhattacharyya, 
unpublished). We are currently sequencing small RNAs of the water control root tissues of 
three selected independent transgenic events for establishing the production of F. virguliforme 
gene-specific siRNAs in transgenic soybean plants (Supplementary Table 1). Progenies of the 
same selected transformants were infected with F. virguliforme to determine if the transcripts 
of the Beta-1,3-glucanosyltransferase, VeA Protein and other F. virguliforme genes included 
in the two transgenes were reduced as compared to that in the non-HIGS control.  This study 
will establish if the efficacy of conducting HIGS of the F. virguliforme genes. 
 HIGS is a powerful tool to silence pathogen and pest genes. Silencing of housekeeping 
genes in pests and pathogens of crop plants is an attractive approach because it is broad-
spectrum. In this method, no transgenic proteins are produced; therefore, the feed and food 
safety portion of regulatory approval will be greatly simplified. It has been shown that HIGS 
can be applied to a wide variety of plant and pathogen interactions making it an appealing area 
for further study.  
Methods 
In vitro dsRNA Assay 
 Eight genes were selected based on a literature search of HIGS and Fusarium spp. Gene 
sequences were blasted against a complete list of proteins deduced from the F. virguliforme 
genome sequence to determine gene targets for our study (Supplementary Table 2). Each gene 
sequence was put in the E-RNAi website (http://www.dkfz.de/signaling/e-rnai3//) to determine 
optimal sequence for generating dsRNAs. Selected sequences were PCR amplified using 
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primers that have T7 promoter sequences for in vitro transcription and production of dsRNA 
using Ambion Mega script RNAi Kit (Invitrogen, Carlsbad, CA).  
 Spores were washed from 1/3rd PDA plates with 1-2 mL water. A 1:100 dilution of 
spores was created and counted twice on a hemocytometer. The average was calculated and 
used to determine concentration of spores collected from the plate. A 5,000 spores/µL dilution 
was made and 10 µL was put in individual 1.5 mL Eppendorf tubes.  15 µL of dsRNA or water 
was added to each tube. The tubes were left at room temperature for 24 h. 150 µL of MSM 
media was added to each tube and 10 µL was plated on three 25% PDA plate or glass slides. 
For the glass slides assay spores were counted under a microscope after 24 h and percentage 
germination was calculated [(spores germinated (spores with a germ tube produced)/total 
spores) x 100]. For the plate assays colonies were counted after 2 d and percent germinated 
was calculated [(colonies growing on plate/average colonies growing on control plates) x 100]. 
 
Construction of binary plasmids for expressing dsRNAs in stable transgenic soybean 
 Selected gene sequences were used to blast against F. virguliforme predicted genes and 
proteins to identify the homologs. Once all homologs were identified, DNA sequences were 
entered into Integrated DNA Technologies (IDT) SciTool’s RNAi design tool to determine 
five best siRNA target sites, 25 nts long, for each gene (Figure 1A). Approximately 15-20 nts 
from either side of the identified target site were also included to string together and create a 
synthetic gene with one, two or more genes in a gBlocks® synthetic gene fragment (Figure 2B). 
The 22 candidate genes were put together into 10 gBlocks® synthetic gene fragments and 
synthesized at IDT (Coralville, IA). The gBlocks® synthetic gene fragments were initially 
cloned into pBlueScript vector for sequencing to ensure sequence accuracy (Supplementary 
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Figure 1) with primers pr4 and pr7 (Supplementary Figure 2; Supplementary Table 2). Once 
gBlocks® synthetic gene-fragment sequences were confirmed, they were cloned into 
pISUAGRON7 vector (Figure 3) in Escherichia coli and transformed into Agrobacterium 
tumefaciens for transforming soybean cultivar ‘Williams 82’.  
 
Root inoculation assay 
 Once transgenic soybeans were obtained from Iowa State University Transformation 
Facility R0 plants were grown in greenhouse and seeds were collected. Two seeds were planted 
in each Styrofoam cup in a 24:1 ratio of soil to F. virguliforme inoculum grown on sorghum 
meal. The inoculated plants were grown in a growth chamber with light conditions set at 23°C 
for 16 h and maintained in the dark at 16°C for 8 h. The light intensity was 200 μmol photons 
m−2 s−1 and watered daily. Four weeks after sowing, leaves were scored to determine the 
extent of SDS infection. The disease scoring scheme used was based on a 1-7 scale: 1, no 
symptoms; 2, leaves showing slight yellowing and/or chlorotic flecks or blotches (1–10 % of 
the foliage affected); 3, leaves with obvious, interveinal chlorosis (11–20 % foliage affected) 
symptoms; 4, necrosis along the margin of leaves (>2 cm wide in size; 21–40 % foliage 
affected); 5, necrosis along the entire margin of the leaves and leaves curled with irregular 
shapes (41–75 % foliage affected); 6, interveinal necrosis and most of the leaf areas necrotic 
(75–100 % foliage affected); 7, leaves starting to defoliate. On the basis of foliar disease scores, 
the RILs were grouped as highly resistant with scores <1.5, resistant with scores 1.50– 2.00, 
moderately resistant with scores 2.01–2.50, susceptible with scores 2.51–3.00, and highly 
susceptible with scores >3.0037-40  
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Tables 
Table 1: Genes selected for RNAi  
Gene 
Number Encoding Protein  
 
Reference 
g3255 
Actin Related Protein 3 
Mumbanza, F. M et al. Pest Manag Sci 1155-
1162 
g8200 
Cutinase 
Niblett, C. L., & Bailey, A. M Journal of Food 
and Agriculture 462-469 
g1888 Map Kinase 1 
Urban, M.et. al Molecular Plant Pathology 
347-359 
g1823 
Metarhizium anisopliae beta-1,3-
glucan synthase (FKS) 
Yang, M. et. al Current Genetics 253-260 
g11134 
DNA-directed RNA polymerase 
Mumbanza, F. M et al. Pest Manag Sci 1155-
1162 
g6941 
DNA Polymerase Delta Subunit 
Mumbanza, F. M et al. Pest Manag Sci 1155-
1162 
g1812 Coatamer Alpha 
Mumbanza, F. M et al. Pest Manag Sci 1155-
1162 
g7380 Protein Kinase C  
Mumbanza, F. M et al. Pest Manag Sci 1155-
1162 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
64 
 
   
Table 2. Twenty-two candidate F. virguliforme genes selected for RNAi targeting housekeeping 
or virulence genes based on literature search of other fungal and HIGS studies.  
Gene Number 
 
Protein ID 
 
 
 
Reference 
g7267 Map Kinase 1 
Urban et al. 2003. Molecular Plant  
Pathology 4: 347-359 
g1823 
 
Metarhizium Anisopliae Beta-1,3-
Glucan Synthase (FKS) 
Yang et al. 2011. Current Genetics 57: 253-260 
g6941 DNA Polymerase Delta Subunit 
Mumbanza et al. 2013. Pest Manag Sci 69: 
1155-1162. 
g6490 
Cytochrome P450 Lanosterol 
C14α-Demethylase – 1 
Koch et al. 2013. PNAS 110: 19324–19329. 
g1070 
Cytochrome P450 Lanosterol 
C14α-Demethylase – 2 
Koch et al. 2013. PNAS 110: 19324–19329. 
g9698 
Cytochrome P450 Lanosterol 
C14α-Demethylase -  3 
Koch et al. 2013. PNAS 110: 19324–19329. 
g3255 Actin Related Protein 3 
Mumbanza et al. 2013. Pest Manag Sci 69: 
1155-1162. 
 
g8200 
 
Cutinase 
Niblett & Bailey 2012. Journal of Food and 
Agriculture 24: 462-469. 
g6924 FvTox1 Brar et al. 2011. MPMI 24:1179-1188. 
g14537 MD-like Protein 
M.K. Bhattacharyya and his co-workers, 
unpublished 
g5600 Glucanosyltransferase Nowara et al. 2010. Plant Cell 22: 3130-3141 
g1812 Coatamer Alpha 
Mumbanza et al. 2013. Pest Manag Sci 69: 
1155-1162. 
g2509 Nuclear Condensin Protein 
Mumbanza et al. 2013. Pest Manag Sci 69: 
1155-1162. 
g12474 Ribonuclease-Like BEC 1011 Pliego et al. 2013. MPMI 26: 633-642. 
g9364 Fusarium Transcription Factor 1 
Ghang et al. 2014. Plant Biotechnology Journal 
12: 541-553. 
g8052 VeA Protein 
Merhej et. al 2012 Molecular Plant  
Pathology 13: 363-374 
g11134 
DNA-Directed RNA  
Polymerase 
Mumbanza et al. 2013. Pest Manag Sci 69: 
1155-1162. 
g7380 Protein Kinase C 
Mumbanza et al. 2013. Pest Manag Sci 69: 
1155-1162. 
g2666 Lactate Dehydrogenase 1 
M.K. Bhattacharyya and his collaborators 
(unpublished) 
g4887 Lactate Dehydrogenase 2 
M.K. Bhattacharyya and his collaborators 
(unpublished) 
g4870 Lactate Dehydrogenase 3 
M.K. Bhattacharyya and his collaborators 
(unpublished) 
g453 Lactate Dehydrogenase 4 
M.K. Bhattacharyya and his collaborators 
(unpublished) 
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Table 3. Ten gBlocks® synthetic genes containing 22 F. virguliforme genes designed for 
generating transgenic soybean lines. The F. virguliforme gene IDs are shown in parenthesis 
and can be found in the following website: http://fvgbrowse.agron.iastate.edu. 
1Numbers in parentheses indicates number of genes in gene blocks. 
 
 
 
 
 
 
 
 
 
 
Serial No. Gene Block ID  Target F. virguliforme genes 
1 MK1 (1)1 
 
Map Kinase 1 (g7267) 
 
2 FKS-PDS (2) Metarhizium Anisopliae Beta-1,3-glucan  
Synthase (g1823) & DNA Polymerase Delta  
Subunit (g6941) 
 
3 3LDM (3) Three Cytochrome P450 Lanosterol  
C14α-Demethylases (g6490; g1070; g9698) 
 
 
4 ARP3-C (2) Actin Related Protein 3(g3255) & Cutinase (g8200) 
5 Tox1-MD (2) FvTox1 (g6924) & MD-like Protein (g14537) 
6 G-V (2) Glucanosyltransferase (g5600) & VeA Protein (g8052)  
 
 
7 CA-NC (2) Coatamer Alpha (g1812) & Nuclear Condensin (g2509) 
8 RLB-FTF (2) Ribonuclease-like BEC 10110 (g12474) &  
Fusarium Transcription Factor 1(g9364)  
9 
 
V-DRP-PKC (3) VeA Protein (g8052), DNA-directed RNA  
Polymerase (g11134) & Protein Kinase C (g7380) (3) 
 
 
10 LDH (4) Lactate Dehydrogenase (g2666; g453; g4887; g4570) (4) 
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Figures 
  
Figure 1. Effect of RNAi of eight selected F. virguliforme genes in germination. Percent of 
spores that produced colonies on plate assay and germ tubes in slide assays are presented. 
RNApol: DNA directed RNA Polymerase, POLD: DNA polymerase delta subunit, CA: 
Coatamer alpha, PKC: Protein kinase C, FKS: Metarhizium anisopliae beta-1,2-glucan 
synthase, MK1: Map kinase 1, ARP3: Actin related protein 3, Cu: Cutinase. In water control 
of plate assays, colony-forming units (cfu) were considered 100%. On the other hand, in slide 
assay exact germination percentages were recorded; and therefore, in water control it is less 
than 100%. 
 
67 
 
   
 
Figure 2. The pISUAGRON7 vector designed to express dsRNA in transgenic soybean plants 
for HIGS of F. virguliforme FvTox1 and MDH-like genes. Root 7 promoter was cloned into 
vector inverted using the AscI restriction site. Then, CaMV 35S promoter fused to GFP was 
cloned in using the PstI restriction site followed by the gBlocks® synthetic gene containing 
the inverted Nos terminator, multiple cloning sites and CaMV 35S terminator using the AscI 
restriction site. Lastly, gBlocks® synthetic genes containing target F. virguliforme genes were 
cloned into the vector using the multiple cloning sites between the two terminators.  
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Figure 3.  Development of gBlocks® synthetic genes. (A) Image of IDT SciTools RNAi 
Design webpage showing the five target sites selected. (B) Example gBlocks® synthetic gene 
(CA-NC). Highlight regions are 25 nucleotides selected by IDT SciTools RNAi Design 
program. Additional nucleotides were added to either side of the region and strung together to 
create the gBlocks® synthetic gene. Multiple cloning site with four restriction sites (in brown, 
blue, red, and purple) was added to each end of the gBlocks® synthetic gene for cloning into 
the pISUAGRON7 vector.  
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Figure 4. Responses of R1 progenies of soybean transformants carrying synthetic transgenes 
for HIGS of 15 F. virguliforme genes. (A) Average foliar SDS scores of R1 progenies of 
individual transformants identified by transgenes they carry. (B) Shows number of plants either 
resistant (score 2 or below) or susceptible (score above 2) among the R1 progenies of individual 
transformants. The soybean seedlings were evaluated for symptom development four weeks 
following sowing in soil mixed with inoculum of the F. virguliforme NE305 isolate. (C) 
Average foliar SDS scores of R1 progenies of individual transformants identified by transgenes 
they carry. (D) Shows number of plants either resistant (score 2 or below) or susceptible (score 
above 2) among the R1 progenies of individual transformants. The soybean seedlings were 
evaluated for symptom development at four weeks following sowing in soil mixed with a 
mixture of 33 F. virguliforme isolates (Supplementary Table 4). Experiments were conducted 
in a growth chamber. 
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Supplementary Tables 
 
Supplementary Table 1. Experimental design for determining the molecular status of HIGS 
in F. virguliforme. 
 
Gene 
Block ID Genes  
RPKM early 
stage (1 & 3 
Days) 
Soybean 
Line Water Infected 
      Williams 82 48 48 
MK1 Map Kinase 1  74 ST274-7 12 12 
FKS-
PDS 
Metarhizium Anisopliae Beta-
1,3-glucan Synthase 
169 ST276-8 
12 12 
DNA Polymerase Delta Subunit  12 ST276-18 12 12 
CU-AR 
Actin Related Protein 3  40 ST320-3 12 12 
Cutinase 4 ST320-7 12 12 
    ST320-8 12 12 
Tox1-
MD 
FVTox1  332 ST327-4 
12 12 
 MD-like Protein  318       
BG-VG1 Beta-1,3-glucanosyltransferase 1678 ST326-1  12 12 
 VeA Protein 269 ST326-7 12 12 
     ST326-17 12 12 
RC-FTF Ribonuclease-like BEC 1011  179 ST339-9 12 12 
 Fusarium Transcription Factor1 32 ST339-12 12 12 
V-DRP-
PKC 
VeA Protein 269 ST328-1 
12 12 
 DNA-directed RNA Polymerase 51 ST328-2 12 12 
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Supplementary Table 1 (continued) 
 Protein Kinase C  60 ST328-4 12 12 
     ST328-22 12 12 
LDH Lactate Dehydrogenase  55 ST338-2 12 12 
  Lactate Dehydrogenase  63     
  Lactate Dehydrogenase  29     
  Lactate Dehydrogenase  8       
1Highlighting indicates the constructs selected for sequencing first based off of high transcript 
levels of F. virguliforme target genes and multiple transgenic events for comparison.   
 
 
Supplementary Table 2. Primers used in this study. 
Primer Name Sequence 
Prom Root4 Sequencing FW gccccctgcaagacttttgtgtcgc 
Prom Root7 Sequencing FW catgacgatgatgtggggcatcttaatc 
g3255RNAiF ttaattctcgagggCCGGCTCTCGTACGACCGAGCTCATC 
g3255RNAiR taatacgactcactatagggGGACTGCACAAAGTAGGTAATGTCT 
g8200RNAiF taatacgactcactatagggCAAAGAAGATGTAAGTGGCAGAACT 
g8200RNAiR taatacgactcactatagggGTGAGCAGCAGTAATGACAAAAGT 
g1888RNAiF taatacgactcactatagggATAATATCTCGACACTCCTGACGAC 
g1888RNAiR taatacgactcactatagggGCATTCACACCTGGATTAGATAGAC 
g1823RNAiF taatacgactcactatagggGTCGAGGAGTTTACCTATCTGAACA 
g1823RNAiR taatacgactcactatagggGAGAGTAGCGACAATCTGGATAAGA 
g11134RNAiF taatacgactcactatagggCAAGAACAGCAAGGTCAACTACAAG 
g11134RNAiR taatacgactcactatagggCGTCAAAGTCACCCTGTTATCTAGT 
g6941RNAiF taatacgactcactatagggCAAGAACAGCAAGGTCAACTACAA 
g6941RNAiR taatacgactcactatagggCGTCAAAGTCACCCTGTTATCTAGT 
g1812RNAiF taatacgactcactatagggGTTCACCTATACGATATCCAGCAAA 
g1812RNAiR taatacgactcactatagggTTCTGGAGATATGAGATGATGGACT 
g7380RNAiF taatacgactcactatagggTGTGTACTTTGTCATGGAGTACGTT 
g7380RNAiR taatacgactcactatagggAAAAGCATCTGGTAGATCAAGACAC 
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Supplementary Table 3. F. virguliforme isolates chosen for root inoculation experiment.  
  Isolates name county State 
1 Lake  Lake Tennessee 
2 13Fv201  Warren  Illinois 
3 13Fv169  Johnson Illinois 
4 CCC 247-11  Sante Fe Argentina 
5 Muscatine Muscatine Iowa 
6 Fv-Ww1-ss1  Watonwan Minnesota 
7 LL0043  Cerro Iowa 
8 Henderson  Henderson Kentucky 
9 Dyer  Dyer Tennessee 
10 Erie County  Erie Ohio 
11 Floyd  Floyd Iowa 
12 14Fv25 Logan Co Illinois 
13 14INS 17-1  Warren Indiana 
14 CCC 254-11  Entre Ríos Argentina 
15 Jasper  Jasper Iowa 
16 13Fv185  Edwards Illinois 
17 14INS 29  Miami Indiana 
18 Graves  Graves Kentucky 
19 14INS 13-3 Tippecanoe Indiana 
20 LL0059  Clinton Iowa 
21 LL0036  Story Iowa 
22 32475   Missouri 
23 AR171    Arkansas 
24 13Grant-S1 #1  Grant Indiana 
25 13Fv193   Livingston Illinois 
26 14INS 21 Vigo Indiana 
27 CCC 240-11 
Buenos 
Aires Argentina 
28 Fayette  Fayette Iowa 
29 CCC 222-11 Sante Fe Argentina 
30 LL0094    Iowa 
31 Mont-1  Montgomery Illinois 
32 13Fv199 Jersey Illinois 
33 KA-11-1 Kalamazoo Michigan 
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Supplementary Figures 
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Supplementary Figure 1 (continued) 
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Supplementary Figure 1 (continued) 
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Supplementary Figure 1 (continued) 
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Supplementary Figure 1 (continued) 
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Supplementary Figure 1. Alignments of gBlocks® synthetic gene sequeunces blasted to  
cDNA sequences from F. virguliforme (a) Map Kinase 1 gene in MK1 gene block (b) 
Metarhizium Anisopliae Beta-1,3-glucan Synthase (FKS) in FKS-PDS gene block (c) DNA 
Polymerase Delta Subunit (PDS) in FKS-PDS gene block (d) P450 Lanosterol C14α-
Demethylases (g6490) in 3LDM gene block (e) P450 Lanosterol C14α-Demethylases (g1070) 
in 3LDM gene block (f) P450 Lanosterol C14α-Demethylases (g9698) in 3LDM gene block 
(g) Actin Related Protein 3 in ARP3-C gene block (h) Cutinase in ARP3-C gene block (i) 
FvTox1 in Tox1-MD gene block (j) MD-like Protein  
in Tox1-MD gene block (k) Glucanosyltransferase in G-V gene block (l) VeA Protein in G-V 
gene block (m) Coatamer Alpha in CA-NC gene block (n) Nuclear Condensin in CA-NC gene 
block (o) Ribonuclease-like BEC 10110 in RLB-FTF gene block (p) Fusarium Transcription 
Factor 1 in RLB-FTF gene block (q) VeA Protein in V-DRP-PKC gene block (r) DNA-directed 
RNA Polymerase in V-DRP-PKC gene block (s) Protein Kinase C in V-DRP-PKC gene block 
(t) Lactate Dehydrogenase (g2666) in LDH gene block (u) Lactate Dehydrogenase (g4887) in 
LDH gene block  (v) Lactate Dehydrogenase (g4570) in LDH gene block  
 
 
 
Supplementary Figure 2. Locations of primers on pISUAGRON7 used for analyses of 
transgenic soybean plants. Arrows indicate where Prom Root4 Sequencing FW and Prom 
Root7 Sequencing FW primers were designed for sequencing gBlocks® synthetic genes once 
cloned into pISUAGRON7 vector and for conducting PCR. 
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